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Disclaimer

This document was prepared as an accounook sponsored by an agency of the United States government.

Neither the United States government nor Lawrence Livermore National Security, LLC, nor any of their
employees makes any warranty, expressed or implied, or assumes any legal liability orbifisptorsihe

accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any specific commercial product,
process, or servicby trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply
its endorsement, recommendation, or favoring by the United States government or Lawrence Livermore National
Security, LLC. The views and opinions of authorsregped herein do not necessarily state or reflect those of the
United States government or Lawrence Livermore National Security, LLC, and shall not be used for advertising

or product endorsement purposes.

Lawrence Livermore National Laboratorydperated by Lawrence Livermore National Security, LLC, for the
U.S. Department of Energy, National Nuclear Security Administration under Contra@CBE-07NA27344.
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Figure 1. Integration of three core elementsn the BioGeoChemistry at Interfaces Scientific Focus Area
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1. PROGRAM OVERVIEW

The focus of the BioGeoChemistay InterfaceSFA has beerno identify and quantify the biogeochemical
processes and the underlying mechanisms that control actinide mobility in an effort to reliably predict and control
the cycling and migration of actinides in the environment. The research appesactiuded: (1) Field Studies

that capture actinide behavior on the timescale of ded&dsearch Thrust 13nd (2) Fundamental Laboratory
Studies that isolate specific biogeochemical processes observed in tiRdisddirch Thrust 2These Research
Thrusts are underpinned by the unigapabilities and staff expertise at Lawrence Livermore National
Laboratory, allowinghe BioGeoChemistrat InterfacesSFAto advance our understanding of actinide migration
behavior in the environmerdnd serve as a resource for environmental radiochemistry regg@rciationally

(Figure 1) In FY23, aur SFAresearch focused dransient redox gradients across stratified waters, sediment
water interfaces, and minenahter interface$o addresproesses controllingycling of redoxsensitive metals
NeverthelessResearch Thrusts 1 and 2 are guidedhigyfollowingbroad central hypothes#sat were developed
duringourlast program review held at the end of FY18

Thrust 1 HypothesisBiogeochemical processes occurring on the timescale of years to decades lead to greater
actinide recalcitrance in sediments and limits their migration in surface and groundwater.

Thrust 2 Hypothesis:Long-term biogeochemical processes include mineral and surface alteratioch leads

to stabilization of actinide surface associations or incorporation into mineral precipitates

Our strategic goal is to useeknowledge gained froraur Science Plato advanceur understanding of the
behavior of actinideand other radiorzlides (e.g. Csandprovide DOE with the scientific basis for remediation
andlongt er m st ewar ds hi p.More br@adyive aeinip@vingaurnyundsrstanding of transport
phenomena in environmental systems scieméttsa particular emphasis @amvironmentally relevar(tong-

term) timescaledNhile we retaied some ofour historicalfocus on actinide biogeochemisthis pat fiscal year
biogeochental processes occurrirgf uniqueTestBed locations associated with this SFA prafisthdamental
information onabiotic and bioticedox processes that control the cycling of redox sensitive metals under dynamic
and transientonditions.Furthermore, in collaboration with SFA teams at Argonne National Laboratory, our SFA
has begun to transition away from the curreisearch focuand develom new research program in terrestrial
wetlandsystemsThe Terrestrial Wetland Functia and Resilience SFA program plan will be deliveredthe
Environmental System Science (ESS) program within BERhe endof FY23.

2. CIENTIFIOBJECTIVES

The goal prefenSFARdd béeso identify and quantify the biogeochemical processes that control the
fate and transport of actinides in the environment. I23-6urresearctsupporedthe goals of th&SSprogram
within BERto advance a robust, predictive understanding of how watdsilmction as integrated hydro
biogeochemical systems, as well as how these systems respond to disturbances such as changes in water recharg
availability, and quantity; contaminant release and transport; nutrient loading; land use; and vegetatiViéecover
identified the following key objectives of our Science Plan that are centered on a theme of processes and
mechanisms that may affect the letegm behavior of actinides in the environment:
A Characterize the migration behavior of actinides across aratidge of hydrologic regimes (vadose zone,
pond, estuary), a wide range of actinide concentrations, and environmentally relevant timescales,(decades)
A Quantify actinide incorporation into iron oxides, carbonates, and aluminum oxidesezhanism that
may contribute to longerm actinide stabilization in sediments
A Determine the role of Fe(ll)/Fe(lll) cycling in stabilizing actinides as adsorbed species and/or surface
precipitates on iron oxide and clay mineralad
A Evaluate the role ahicrobes and their cell exudates in the mobilization of Pu and formation of ternary
complexes on mineral surfaces.

As stated earlietheunique Test Bed locations associated with this &providing fundamental information
on redox processes and agated microbiological processes that control the cycling of redox sensitive metals
under dynamic and transient biogeochemical conditidasuch this SFAretains somefocus on actinides while
strengtheningits researchin metals cycling atnterfacesand plannng for atransition to a newTerrestrial
Wetland Function and Resilience SFA program in FY24.

1
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3. PROGRANSTRUCTURE

Dr. Felice Lightstonée s t he Laboratory Resear chShhliagnoapgeaderirotie L L NL
Biosciences and BioTechnology Division (BBTID)the Physical and Life Scienc@3LS)directorate and reports

on BER activitieslirectly to the Associate Director of PLBr. Glenn Fox. Dr. Mavrik Zavarin is the Director of

the Glenn T. Seaborg Institute housed in

PLS and reports directly to Glenn Fox.

ThIS SFA program iS aligne_d Wlth the NanoSI_MSRuth Kips PHSACS Kim Budil
Seaborg I nstituteods gl mmacs oiecor

SSRL XAS: Corwin Booth LBNL
blog.eOChemIC$y_Stem Sc_lence’ AMS: SconTu%wrgyP[‘gtl\/IS Glenn Fox Patricia Falcone
environmental adiochemistrya n d LLNL Associate Director LLNL Deputy Director

Physical and Life Science] Science and Technolog:

educ ghttitopns : / /| se.dDh or

Felice Lightstone Mavrik Zavarin Annie Kersting

Kersting is theTechnical Cdvlanager and LLNL OBER Portfolio Manage SFA Research Manager SFA Technical @danager
together Wlth Dr Zavarimvel’see$h iS Bioscientlz:)e'sAalnBigIeschnology Director, S;zli_bsorg Institute PLSNACSD
. Ivision

SFA6s scientific pi

. . . . . Focus Area 1A: Focus Area 1B: Focus Area 1C: Focus Area 1D:
Dr. Kersting provide scientific leadership Hanford ETunnel SRS Pond B: || RavenglasEstuary
tothis SFA and comm st B N | s
program needs to the Focus Area Focus Area 1E: Focus Area 2A: Focus Area 2B: Focus Area 2C:

. SRRadFI Mi | Alterati Surface Agi Microbioll

Management Team (Figug®. They co Brian Powell | Enrica Balboni [|  Enrca salbont | Nancy Merino

PLSNACSD PLSNACSD PLSBBTD
Focus Area Management Tear

Figure 2. BioGeoChemistryat Interfaces SFA management organization.

mentorpostdocs and communicateveral e
times a week to discusaboratory safety,
program management, experiment
schedules, research results, and deliverablessi@ftollaborators participate in theweekly meeting through
web conferencing. ThH8FA Team meetbi-weekly to present updates, discuss safetyiew SFA research
accomplishmerst goals, and program plaridr. Annie Kersting retired in April 2028ndreturnedto LLNL as a
visiting scientist. As the SFA transitions to the Terrestrial Wetland Function and ResiliencelD8RRersting
will transition awayfrom participating in this prograrsees.c.iii).

3. A KEYERSONNEL

Mavrik Zavarin & Director of the Glenn T. Seaborg Institut®Br. Zavarin is aoil scientist involved in
experimental and modeling studies of radionuclides at the minetal interface, mineral

dissolution/precipitation kinetics, colloi@cilitated transport, and reactive transport modelit®is the Program
Manager dthis SFAand is responsible for overall planning and execution of the research program. Along with
Dr. Kersting, he canentors and directs the research for all the postdocs and graduate students. Together with Dr.
Kersting, he is responsible for building and maining external collaborations.

Annie Kerstingd Senior Scientist Dr. Kersting isa geochemist with expertise in isotope geochemistry, actinide
chemistry, colloidfacilitated transport, and field investigations of contaminant transport. She is theéécloni
managenf this SFA and helps drive the research agenda with Dr. Zavarin. Together with Dr. Zavarin, she co
mentorshe SFApostdocs. She leadf®cus Area 1A: Hanford-2 trench

Brian Powelld Field Professor, Clemson University, DeptErfvironmental Engineering & Earth Sciences and
Dept. of Chemistry D r . Powell 6s research focuses on under st anic
actinide interactions with natural soils and synthetic minerals. He leads Focus Areas 1E: Raifyeand co

leads Focus Area 1C: SRS Pond B with Nancy Merino.

Enrica Balbonid LLNL staff scientist- Dr. Balboni isa radiochemist with expertise in actinide chemistry,
mineralogy, isotope geochemistry, and mineral synthesis. Dr. Balboni has begngsilisl and Pu substitution in
sulfateand carbonate mineral phasasdadsorption to mineral surfaces. She leladsus Area 1A: Ravenglass
andFocus Area2A and 2B(Mineral Alteration and Surface Agingespectivelyand oversees all laboratory
operations conducted as part of this SFA

Nancy Merinod LLNL postdoctoral fellowconverted to staff (June 2022[pr. Merino is a geobiologist with
expertise in environmental microbiology, bioremediation, micnoiegal interactions, and bioinformati&heis
co-leading microbial ecology efforts associated with Focus Area 1C: SRS Pond B and is the lead for our data
management with ESBIVE.
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Naomi Wassermani LLNL postdoctoral fellow (started August 2020pr. Wasserman is an isotope geochemist
with a focus on redox geochemistBhe is studying Pu and Fe biogeochemistry at SRS (Focus Area 1C), and
leadsFocus Area 1DNNSS ETunnel ponds

Teresa Baumeri LLNL research scientisp¢stdoctoral fellonconverted tataff) - Dr. Baumer is an analytical
chemist with a focus on trace met&he is studying Pu transport behavior at the Hanford site and examining the
role of organic chelating solvents on its migration behavior (Focus Area 1A).

Elliot Chang i LLNL postdoctoral fellow eparted in March ttead research in carbon sequestration as part of
Eion startuphttps:/agfunder.com/portfolio/eioh# Dr. Chang is a geochemical modeler currently focusing on
the intersection of machine learning (ML) and traditional surface complexation modtding developing

hybrid ML approaches tquantify metalmineral sorption processes and is actively working towards automated,
communitybased data analytics.

Fanny Coutelot- Clemson University research associallr. Coutelot is a geochemist with expertise in
inorganic geochemistry in subsurfawaters, transport, and modeligheleadsthefield sampling effort aSRS
Pond B ands examiningPufluxesat the edimeniwater interface.

SokChan Han i LLNL postdoctoral fellow (started in November 202Dr. Han is a nuclear engineer with
expertise in reactive transport modeling. He has been working with Dr. Elliot Chang on the application of
community sorption data and novel modeling workflows teettep selfconsistent geochemical models of
reactions at minerakater interfaces.

4. PERFORMANCE MILESTONES AND METRICS

Table 1 shows the planned schedule for eachassétentified in the F22 progress reporSome sopehas been
extended into FY2aspart of our planned transition to a new SHAe Hanford effor{Task 1A)is on track to be
completedn FY23with a manuscript published in FY2Zllhe Ravenglass effort (Task 1®as completeth
FY22. The ETunnel effortat NNSSwas delayedby COVID-19 travel restriction®utis nov well underway and
planned for completion in FY2Z he field sampling campaign at SRS Pondri8l associateresearch tasksill
wind down in FY24We anticipate thaall tasks associated withis SFA will be completen mid-FY24 as the
new Terrestrial Wetland Function and Resilience $6PRA3)is initiated.
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Table 1. Timeline for eachtask identified in this Science Plan.

THRUST 1: FIELD STUDIES BIOGEOCHEMICAL PROCESSES AFFECTING

THRUST 2: FUNDAMENTAL PROCESSEBACTINIDE STABILIZATION

ACTINIDE TRANSPORT IN THE ENVIRONMENT

AT ENVIRONMENTALLY RELEVANT TIMESCALES

Focus Area and Task FY19FY20FY21 FY22 FY23 FY24

Task 1A1: Pu complexation with reprocessing waste
Task1A-2: Reactions between sediments and Pu reprocessing wast---

Task 1A3 Pu reprocessing waste reactive transport through sedime --I..l.. *

Task 1B1: Characterization of Ravenglass estuary actinide profiles

Task 1B2: The role of redox cycling on actinide mobilization in
sediments

Task 1CG1: Characterization of Hunnel pond actinide profiles --Il.l...
HER

Task 1G2: Advective transport through pond sediments

Task 1D1: Characterization of Pond dochemical andctinide proflles---

Task 1D2: The role of microbial activity on redox cycling and Pu
mobilization

Task 1E1 Characterization of actinides source composition and
distribution in lysimeter coupons

Task 2A1: Pu incorporation in iropxides and calcium carbonate ---
Task 2A2: Formation of actinidél solution complexes

Task 2B1: Actinide stability on Fe oxide and clay minerals during Fe
induced dissolution

Task 2B2: Actinide remobilization following r@xidation of anoxic
sediments

Task 2B3: Isotopic fractionation of Pduring sorption --I..l *

Task 2CG1: Characterization of microbial exudates and their interactic *
with Pu

Task 2G2: Pu(im)mobilization from mineral surfaces by microbial

exudates

Task 2C3: Pu stabilization by microbial macromolecules on mineral

surfaces

Task 2CG4: Pu incorporation into iron oxides of microbaligin I..l....

extension  delay, [l planned * milestone
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4 A REVIEW OECIENTIFIBROGRESS

4.a.i Brief Review ofScientificProgress

Research Thrust FieldStudies BiogeochemicdProcesses Affecting Actinide Transport in the
Environment

Thrust 1 focusson investigating the role of kinetically slow and/or irreverstitigeochemicaprocesses by
examining the londgerm behavior of actinides in the field and at sitéh long histories of actinide
contaminationFour field sites plus one engineered field site have been chosen based on their known
contamination history, their range of contaminant loadinejr location within watersheds, and the specific
processes that are believed to control actinide transpalnt€2). These field sites allow us to test our conceptual
and mechanistic understandinglafig-termactinide migration using fieldite contaminanmigrationhistories

Table 2. Summary of the field sites. These field sites are both important practical areas and representative of key sciamntifi
challenges that face actinide contamination sitesorldwide.

Site Location Source History Source Type Depositional Environment Geochemistry
Hanford 29 19551962 Liquid waste disposed i Semiarid/desert climate (7 inches Acidic waste (~pH 2.5), High
Trench WA 2,180 Ci3924py unlined trench. Waste precipitation p.a.); Contamination Na nitrate, High organic
1060 Ci?*¥Pu 565 Ci associated with HN§ beneath trench in vadose zone compounds: CGj TBP.; Oxic.
241Am HF, CCh, andTBP.
Sellafield/Rav 1952 Present 3,240 C Treated waste discharg Maritime climate (40 inches High organic content.
englass 238py; 16,500 Ci to Irish Sea. Actinides precipitdion p.a.); Tidal estuary; Sil Sediments rapidly become
Estuary, Irish 23924Py; 590,000 Ci associated with iron  and clay sediments deposited in lo anoxic. Mixture of saline and
Sea UK 241py; 14,600 C#*Pu; flocs > 22 um or in energy salt marsh freshwater
240 Ci®Np colloidal phase > 3 kDa
NNSS E 1957-Present 0.04 Ci Discharge fronweapons Subtropical hot desert climate; High organic content. Clays
tunnel ponds Pu testing tunnels. Pu Artificial storage pond; Quaternary and zeolite colloids; Oxic.
NV associated with colloids alluvium overlying fractured

and organic matter carbonate bedrock

SRS pond B 1961-1964; 0.01 Ci  Liquid discharges of fue Humid subtropical climate (40 inch High organic content; Fe rich
SC 239y element cooling waters precipitation p.a.); Artificial storage sandy sediments; pH = 5;
pond. Seaonal anoxia.

RadFlex SRS 2012Present; 0.013 Well characterized Pu Pu sources placed in lysimeters; L Oxic, unsaturad zone, highly

SC Ci 23924y divided  sources placed in field open for natural rainfall, atmosphelweathered sandy loam/sandy
into 18 field lysimeter experiments and temperature fluctuations clay loam soil, pH ~5
lysimeters

Focus Area 1AdanfordZ-9 vadose zone actinide migration
Lead A. Kersting, contributorsT. Baumey C. Pearce

Located on the Columbia River, the Hanford Site, WA was established in 1943 to produce Pu for the Manhattan

Project and actively reprocess Pu for nuclear weapons féd#11989. During its operation, approximately
4.44x104Bq (~12,000 Ci) of**Puladen liquid waste from both nuclear reactors and reprocessing of the waste
streams were released to over 80 unlined shallow subsurface trenches, and pond disposa(Garatieths

2009; Felmy et al., 2010The vast majority of the Pu waste (~88%) was disposed of in the Plutonium
Finishing Plant (PFP) in ¥ea 200 where weapowggade Pu metal was produced fromd@untaining nitrate
solutionsTable2)Th e wun-Bi hedn Z large velenes (wie®liters) of this waste consisting of high
salt © 5M NOs, D 0.6M Al), acidic (pH D 2.5) solutions, which also contained the organic solved@;, TBP,
DBP,andlardoil Most of the Pu precipitated i mmedi stnal vy
Pepol ymerysd roof(xAness, 1974, P r .iHoweven asinallAratios migrdied degp into

Wi

the subsurface vadose zone to depths of 37 m. A correlation between Pu and organic components was found in

some case(Cantrell and Riley, 2008ps well as correlation with Fe andBuck, 2014) The buffering capacity
of the sediments and mineral dissolut{@&mes, 1974 reated diverse pH conditions in the subsurface, ranging
from pH 2 to §Cantrell and Riley2008)
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There are three tasks in Focus Area 1A all designed to identify the Pu migration mechanisms and develop
predictions of Pu mobility and potential groundwater contamination at environmentally relevant timescales
beneath the B trench. The firstwo taskqTask 1A1 and 1A2) were initiated in FY1%have been completed
(Baumer et al., 2022 ask 1A 3, Pu reprocessing waste reactive transport through sedirheiids, on the data
obtained in TaskA-1 and1A-2. Originally delayed due to staffing issydisis Focus Areas back on track and
will be completed in FY3.

Task 1Al and 1A2: Pu complexation with reprocessing wastand reactions between sediments and

Pu reprocessing waste

The majority of the work for Task 1A was reported in FY20 and FY21. This task focusedidentifying which
components of the wasteesam and sediments have an influence on Pu migratiom-brityl- phosphate (TBP)

is an organic solvent that was used to sequester Pu from the aqueous phase into the organic phase. In an effort to
evaluate the influence of TBP on Pu migration behaviercarried out a series of binary and ternary batch
experiments between an aqueous phase and organic phase and the mineral albite as a function of pH (2 to 8). Our
results showdthat Pu at equilibrium with low pH, high nitrate waste and in the preserec& BP/organic phase

can migrate as a PIBP-nitrate complex in the organic phase as long as the low pH and high nitrate

concentrations are maintained. Reducing the nitrate concentrations or increasing the pH will lead to Pu
partitioning into the aqueous ake with subsequent sorption to native Hanford sediments. The results of this work
suggest that Pu migration in the subsurface is likely driven by weak sorption of agueous Pu under low pH
conditions as well as the formation of-PBP-nitrate complexes irhe organic phase. Lorigrm Pu migration

will be limited by the transient nature of low pH conditions and dispersion of the nitrate. flbeneesults were

published in Applied Geochemist(Baumer et al., 2022)

Task 1A3: Pu reprocessing waste reactive transport through sediments

This task focuses on understanding the reactive transport of Pu through native Hanford sedimgmolumn
experiments and simulated%trench waste solutions. Uncontaminated sediment from the Hanford Site was
obtained from the Pacific Northwest National Lab

soil library and loaded into glass sediment columns pHs pH L PuH/Nitrate pHs

Saturated column experiments wesed to ! ab 4 A B A awh M et

investigate the two main disposal scenarios: 1) Pu 08 .
mobility in low pH, high ionic strength aqueous .
fluids, and 2)Pu mobility inmixed low pH, high on A AN
ionic strength aqueous fluids plus organic TBP
containing solvents. Tritiuntil) was used as a trace a ol A

for all experiments. Three aqueous columns were "o 5 1 15 0o oW
designed to investigate Pu mobility in 5 M Na& eeemer TR T
pH 2.5, pH 1.5, and pH 1.0. The low pH #/ s PRP— oo 1PuiOgne g
containing 5 M NaN®@solutions were introduced 1 4 & & 8 N otee

into the column immediately after conditioning with * ¢ :
the synthet pore fluid Figure 3A shows thBu and 2 0s .

*H concentrationsneasured in the effluent . B - . .
normalized to initial concentration (C/Co) with '

respect to pore volunia thepH 1 agueous system. a
In this system, the Peiuted from the column when T T
the sediment was reded to pH < 4 and significant _ Pore Volumes  ATdtum - @Phtorium 5 Effunt o
Pu mobility was observed at pH < 2. A total of 14% Figure 3 (A) Effluent pH and Pu concentrationin sediment

Pu breakth h b e column reacted with Pu-bearing - 5 M NaNOs - pH 1
u breakthrough was observeanrs case simulated waste and (B) Ptbearingi 15% TBP/dodecane at

pH 3.5.

C/Co
o
o
>
]
H

pH

02 L o

To understan®u mobility inalow pH, high ionic

strength aqueous fluidgith the addition of an

organic TBP-containing solventthree column experiments were prepared in which Pu was introduced into the
column in a 15% TBP/dodecane solution. Two of these mixed organic/aqueous columns were prepared by first

6
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il a etreadngothe sedimentwith apH 1, 5 M NaNQ solution untilthe effluentpH decreased t8.50r 1 before
the Pucontaining organic solutions were introduced into the coldrhis resulted in removing the buffering
capacity of the sediments to replicate the scenario in the trench in which acitidlexaed through the
sediments followed by Pcontaining organic solventBigure 3Bshows the normalized Pu aftd concentrations
with respect to pore volume for th@xed organic/aqueous colunexperimentat pH 3.5. Pu breakthrough was
observed within ne pore volume of being introduced into the column (at approximately 23 pore volumes). The
Pu traveled virtually unhindered through the acid treated sediments with nearly 86% total Pu elution. These
experiments show that Pu can be mobilized in the columibsth the agueous and organic solutionseatie pH

of the sediments is reduced to pH.Hbwever,significantly more Pwcan beeluted from the columnis the
presence obrganicsolvents Theseresults provide direct evidence for the likely mechanigrasdrove Pu
migrationto significant depths (~37na theZ-9 trenchand providethe scientific basis to predict the risks of
groundwater contamination at this sifemanuscript is in preparation and is exped¢telde published in theall

of 2023.

Focus Area 1B: Ravenglass/Sellafiattionuclidemigration in estuary sediments

Lead: E. Balboni, contributors: G. Lav Tumeyand N Merino

The Sellafield site othe northwest coast of England was originally established in 1947 to support the UK nuclear
weapons program (Figudg. Since 1952, authorized liquid radioactive effluents have been discharged from the
Sellafield plant into the Irish Sea. This lxy far, the largest source of Pu discharged in all of western Europe with
276 kg Pu releasg@Geckeis et al., 2019 the Eastern Irish Sethe majority of the transuranic activity has
settled into aMud®atecah co)f osfefd i tn@Eeuted TidTadioaunlides foom she
mud-patch have been redispersed via particulate transport irgfmieed estuarine and intertidal sediments in the
North-East Irish se@Hamilton and Clarke, 1984; Kershaw et al., 1995; Macleatal., 1994)ncluding the
Ravenglass estuaBurton and Yarnold, 1988; Caborn et al., 2016; Lucey et al., 2004; Mackenzie and Scott,
1993; Mackenzie et al., 1994)

The Ravenglass saltmarsh is located 10 km sdutieo
Sellafield site and is a low energy, intertidal region that
accumulates Sellafielderived contaminatiofHamilton
and Clarke, 1984)Salt marshes like Ravenglass are high
dynamic systems which are vulnerable to external agen BT

(Adam, 2002)sea level changes, erosion, sediment sup REEELECIEL IS

and fresh water inputs), and there are uncertainties abo e "
their survival under current sea level rises and possible
increases in storm actiyi{Leonardi et al., 2016;
Temmerman et al., 2004¢Changing redox profiles
together with changing hydrological regimes have the
potential to impact the speciation and mobility of the re
activeradionuclides, including Phere are 2 tasks in
Focus Area 1Bhat were part of our effortseginning in2017. Results of this work were published in Fyaad
are brieflysummarized beloBalboni et al., 2022)

Mud Patch

7 e

Figure 4. Location of the Sellafield site, mud patch, and

d Ravenglass Estuary(McCartney et al., 1994; Reynaud
and Dalrymple, 2012)
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Task 1Bl: Characterization of Ravenglass estuary actinide profiles

The sediment core collected from the Ravenglass saltmarsh in@3BD cm in length and shipped to LLNL
where it was stored under controlled conditions. It was e
subsequently divided in six, 5 cm layers, and used to determin T - T
the vertical distribution ofadionuclides (Pu, AmCs. Plutonium 0
reache a maximum concentration at-ll% cm (Figureb) and 5
then droppedsharply approaching detection limits at@8.
Overall, the radionuclides?o
measured in the sediment profiles gagt that multiple processes
play a role in their distribution patterns. These processes may a e
include variable sedimentation rates, lateral variation in "I
radionuclide concentration, lateral transport of contaminated 30
sediments and vertical mixing within thedsment profile.

1000

° A A

Depth (cm)

N
W

A Pu -A-Am e Cs

0 1000 2000 3000

Bg/kg (*'Am, '¥7Cs)
Figure 5. distribution of 2%°%Py, Am & Cs
concentration in Ravenglass sedimens with

depth.

4000 5000

Task 1B2: The role of redox cycling on actinide
mobilization in sediments

The goal of this tasias to examine the factors affecting the mobility of Pu in redox stratified sediments by
conducting desorption experiments of contaminated Ravengdaiments under both oxic and anoxic conditions.
Desorption experiments were conducted over a-moath periodDesorbed Pu (measured by muaitillector
ICP-MS) and redox indicators (Eh, pH and extractable Fe(ll)) were monitore@udliésorption datare

reported in Figuré. Under anoxic conditionsndin the top sediment layéd-5 cm) the concentration of

desorbed Pwashighestat 1 month and decreasthereafterHowever not much difference in Pu desorption
behaviorwasobserved in the deepsediments
Plutoniumleachingwasabout three times

Anoxic, Desorbed (239,240,241,242) Pu (pg/g)
0.000 0.010 0.020 0.030 0.000 0.010 0.020 0.030

Oxic, Desorbed (239,240,241,242) Pu (pg/g)

greater in solutions leached under anoxic 0 o —
conditions comparetb oxic conditionsUnder 5 AV
oxic conditionsless Puvasdesorbed fronthe — _» 10 )

E |«

sediments at every depth compared to the anogis
system Interestingly, he highest amount of Pu “=

Day 1
==—1 month

== -3 months
==»--8 months

1 month
¥ =- 3months
i

9 months

leached from the sediments in both anoxic anc s |, Y st :
oxic experimentsvasobserved in the shallowes! s L 0 L
sediments (@0 cm)while the highessediment Figure 6 Left: Pu desorption from anoxic (left) and oxic (right) sediments
Puconcentratinswerefound at a greater depth UP until 9 months.

of 10-15 cm. Thus, it appears that the mobilization of Pabiscorrelated to total Pu content in the sedimekgs.
the topsections represent younger Sellafield deposiffanmay be associated with younger, more labile organic
material.We hypothesize that Pu leaching from sediments will tend to deasgthissediment age and depth, as
Pu associations and organic matter composition becomes more Sthhlacterization ahe microbial
communityshowed variation between the differeRavenglassnicrocosmsandis largely explained byariations

in anoxic/oxicconditions(Balboni et al., 2022)This suggests that anaerobic biotic processes contributed to the
consistently highelPu mobilization observed in anoxic versus oxic sedimdisse findings provide constraints
on the stability of redox sensitive Pu in biogeochemically dynamic/transient environments on a timescale of
months and suggests that anoxic conditions can entfangebility in estuarine systems
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Focus Area 1C: NNSSuhnelpond actinide migration

Lead:N. Wassermarcontributors:N. Merino, K. Morrison

The U12E tunnel complex comprises a series of tunnels in Rainier Mesa, Nevadaindergderground nuclear

tests were conducted from 1958 to 19T@mpson et al., 2011 ontinuous discharge from a perched aquifer
intersecting the tunnel system drains into a series of eight unlined containment ponds located in an ephemeral
stream bedFigure7). While radionuclide concentrations in theatiarge remain below permissible limits (with

the exception of tritium), distribution of contaminants in the pond sediments and shallow groundwater underlying
the ponds are unknown. U12E tunnel
discharge was directed into the most
upstream pond beginning the early
19606s and has -st
directed every few years to more e . . g
downstream ponds as sedimentation = ST o N T
obstructs overflow pipe@uckins . , : 4
Gang and Townsend, 2014he
ponds not receiving-Hunnel
discharge are primarily dry with the
exception of inputs from precipitation
during spring and summer monsoons

The ghallow sediments in the pon_ds
overlie fractured Paleozoic dolomite | x«x=

bedrock which contains the regional s & ‘
aquifer (~465 m depth)Tompson et Figure 7. Map of sample locations where water and sediments samples wer:
al., 2011) The potential for collectedduring April 202 2. Dark blue indicates sediment core (13) and light blue
contaminant transport from the ponds ndicateswater sample (3 locations

to the dolomite aquifer could be

greatly affected by fluctuating redox conditions due to seaseeaipitation. In addition, high organic matter
from tunnel debris, plant matter, and an accidental oil spill at the mouth of the tunnel, may also influence
radionuclide speciation and mobili¢Russell et al., 1993)

100 m

Focus Area 1C consists of two tasks. The objective of the first task is to assess the radionuclide distribution in the
E-tunnel ponds and sediments. This task was startiadeirrY20 but was subject to field sampling delays due to
COVID travel restrictions and will be completed FY23. The second task, wiashtartedn FY23, is to

examine the role of advective transport in mobilizing contaminants across thagtintentiterface and into

the underlying regional carbonate aquifer.

A third study, initially started in 20Q8ompleted in FY22nvestigatedvhether or not thelanktonic microbiome

in groundwatercan reflect groundwater flow paths identifiedregional groundwater models and also reveal
perturbations to a groundwater basin not captured by hydrogeochemical data al@xenwesl the

groundwater microbial communities of southern Nevada, specifically the Death Valley Regional Flow System
(DVRFS).Using ordinations, network and null model analyses, we determined that the groundwater microbiome
can reflect groundwater flow paths identified by regional groundwater models. Our work demonstrates the utility
of including microbial community datasets adada source for comprehensively characterizing groundwater
systemsThis workwaspublishedon June 21, 202ZMerino et al., 2022and summarized in detail in our FY22
annual report
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Task 1€l1: Characterization of Hunnel pond actinide profiles

Previously, we reported the collection of thirteen, 1 ft cores in four ponds and several filtered and unfiltered water
samples in April 2022 (Figuré). In Pond 2 (oldest contamination), we cored to the dolomite bedrock underlying
the pond sedimeas and collected fragments of the formation. Ponds 6b and 6c (newest contamination), which
presently receive water fromEinnel, contain abundant plant life. Cores collected in these ponds have thick
organic-rich horizons as opposed to Ponds 5 and 2 vtiec

not. Organic matter can impact radionuclide mobility as Pu hi <155 ot 1% Dolomie

strong affinity for organic matter, while Cs does (Mthalik et 103% Muscovts B e chvistobate
al., 2014) Another important control on both Cs and Pu <1k Homagne \
transport may be sorption to certain clay minefalshis task, ““””""”m—x \

we examined3’Cs and Pu distribution vertically in these
sediments along with total organic carbon, mineralogy, and
grain size distribution. A PhD student frahe University of
Central Florida mentored by Naomi Wasserman assisted witl

these analyses in the summer of FYQRr XRD results show 2% 2aolies
that the alluvial sediment is dominantly a weathered product
the surroundingolcanictuff with some contribution from the 11.2% Plagiocase Feldspars 34.3% Potassium Fedspars

dolomite bedrock (Figur8). Importantly, zeolites are a major Figure 8. Average mineral composition of E
component of the core sediments, which magiporate Puin  tynnel sediment cores by quantitative XRD.
their structure. While the expected inventory@€sshould be
highest in Pond 2, cores from Pond 5 contains the highest

concentrations followed by those from Pond 2 then 6b. CGe-13F eoncentrations In E-Tunnel secimant
Furthermorel®*’Csconcentrations are highest at the top of the o 00 200 T RC s e
cores except for Pond 2 indicating th&Csis not completely °

immobilizedin the sediments over decades (FigaxePlutonium 2} <

concentrations are highest in the first 5 cm in all cores and ap s |
to be immobié (not shown) We expect tdinish our core

characterization in late FY23. These effarif include % 8 Pond 2
autoradiography to identify the presenceny hot particles in S I3 ~+-Pond5 Center
the sediments, and GC/MS to examine the fraction of o o o Umstrea
anthropogenic hydrocarbons in the iseehts from historic oil Pond 6b Downstream
spills at this site. Our results will inform future experiments an "

models to examine advective transport in Task21C Figure 9. Cesium137 concentrations in five

cores from Pond 2, Pond 5, anéPond 6b.

Task 1€2: Advective transport through pond sediments

Advective flow from rainwater infiltration has the pgotial to remobilize radionuclides in theTEinnel sediments

and couldead toa longterm source of contaminants to the underlying doloimitsted aquifer. At our site,

seasonal monsoons followed by long periods of minimal precipitation could inducefaaesedox cycling,

which may mobilize Cs and Pu through colloid generaficersting et al., 1999; Thompson et al., 2086§ Pu
association with idsolved organic mattéBantschi et al., 2002However, previous work from our group has

shown that certain radionuaeés, like Pu, can form recalcitrant phases in orgdaoltiron phasegBalboni et al.,

2022) In addition, the Pu deposited in the sediments from tharhel groundwater may be effectively

immobilized in clays or zeolitebiat are present in the pond sedirts(Joseph et al., 2019Ve will conduct a

series of flowthrough column experiments in early FY24 to (1) quantify the frastié®u and Cs thatre

released during wetry cycles, (2) examine what mineralogicatlageochemical associations influence

radionuclide remobilization, and (3) investightw the characteristiad radionuclides native to-Eunnel

influencec ont ami nant transport. Sedi ment -1980k,littkewdgetadim) f r o m
and 6B (actively receiving-Eunnel discharge, high vegetation) will be dry packed into separate glass columns.
Synthetic rainwater (low ionic, slightly acidic) spiked witth will be pumped through the columns. Effluent from

the columns will be measuddor radionuclide concentrations, presence of colloids, and dissolved organic carbon.
After radionuclide breakthrough, the columns will be left open to air and allowed to dry completely followed by a
second rainwater inundation. Each column will be dettoaed after the flowhrough experiment has concluded

10
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for radionuclide profile measurements and associations with certain mineral,phlaisgswill be compared to
our results from Task 1«C. To address the third objectiv&®Pu and*’Cs will be addedo sediment from Pond
6b. Effluent collected from a similar flothrough experiment using synthetic rainwater will test whether the
radionuclides present as free ions are remobilized differently than the native Pu and Cs.

Focus Area 1D: SRS Pond B radionugficlengbetween sediments and surface water

Lead: B. Powellcontributors:N. MerinoF. Coutelot,N. Wasserman]. WheelerandD. Kaplan

Pond B at Savannah River S{&RS)is an ideal location faracingthe biog@chemical cycling o€, trace
elementsand Puhat wageleasednto the Pond system apptimately 60 yearsagofor aperiod of~7 years

Pond BreceivedSRS R reactor cooling water betweed 719964 containing?®2324Puy,37Cs, %°Sr, 241Am, and

244Cm (Whicker et al., 1990)Since then, Pond B has remained relatively isolated except for a few studies
conducted in the late 1980shich demonstrateBu cycling with seasonal anoxjalberts et al., 1986; Pinder et

al,, 1992; Whicker et al., 1990However, the mechanism(s) causing Pu mobilizatgomainunknown. The

objective of Focus Area 1D is to evaluate the concentrations of Fe, Pu, Cs, and organic carbon in Pond B to
determine the biogebemical factors that influence seasonal fluxes in the sediments and overlying pond water.

Focus Area 1D has two tasks. The focus of the first(fBa&k 1DB1) is a field sampling program to examine the
biogeochemical cycling of Pu and associated redozitee metal{water and sediments)yhe second task (Task
1D-2) is to investigate the microbial influence on the redox cycling and Pu mobilization in the sediments and
pond water. The initial phase of Task-1has been completethda manuscript describing themporal

behavior of Pu and Cs in the sedimdmas recently beepublished(Coutelot et al., 2023)

Task 1B1: Characterization of Pond geochemical andictinide profiles-Water analyses

Our quarterlysampling effors have continuedn FY23with measurements taken of biogeochemical parameters
(e.g., pH, dissolved oxygen, temperature, and 8 others) and a new emphasis on quantitatively filtering samples to
determine suspended particle conceitret andassociatedPu and trace element concentratiohspond B,

thermal stratification gradually develops in early April and lasts until late November, with a maximum difference
in water temperature between the surface and bottom layers reachinthamoi&°C; environmental conditions

such as warm air temperature and weak winds contribute to stratification onset. Strong thermal stratification
forms a distinct thermocline in May, progressing downwards until November. The strong thermocline stitl prese

in the November 2022 sampling is shown by the geochemical parameters, pH, ORP, and tempEigtuee in

10.

0 25 50 75 100 -200-100 O 100 200 5.50 5.75 6.00 6.25

As described in FY22, we measured the Pu concentrations (& oof —— 7 e

240.23p|)) and Pu isotope ratios of unfiltered water samples dur : 5

peak stratification (June 201@nd during an unstratified period ~ * solleg

(March 2020). Pu concentrations increased slightly with depth = : 1IR3

during stratification similar to previous observations of Albetts ., UL |

al., (1987) Interestingly, water column Pu profiles were similar ' e
in concentration or higher when Pond B was not stratified. R T

0.00 0.02 0.04 0.06 12 14 16 18 ceoH

Additional thermodynamic modeling and Principal Comgran
Analysis of Pond B geochemical parameters indicate that Pu
release is primarily controlled by the release from sediments.
Instead pur analysis of the Pu water column inventory by seas s
suggestshat most of the Pond B Pu exists in the shallow wate
column (06 m) and peaks in early spring before stratification. |
Plutonium in the deeper water-{& m) peaks in early summer T
commdlng wnh onset of complete pqnd stratlflcatlon'as aresu Figure 10, Oxygen, ORP, pH, Total dissolved
of r(_eductlve dissolution of pond sedlments._ Comparisons with ¢ g (TDS), and water temperature as a
sediment datg§Coutelot et al., 20233nd previous water column  function of depth at the deepest location of the
measurement@inder et al., 1992hdicate that the majority of pond. November 2022 field sampling.

Pu remains within the sediments and may be increasingly

11
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recalcitrant over time. A manuscript detailing these resultgwshaccepted in Nature Scientific Rep®

(Wasserman et al., Accepted)

In FY23, the variation in the particulate fractiofithe water column was
investigated aa functiontheseason.A water filtration protocol was
designed to collect filtrate samples in the field to preserve the integrity
the chemistry ofamplesConcurrently, water chemistry measurements
were conducted using sonde probes, encompassing pH, ORP, and
dissolved oxyge levels, and the particulate fractions of the water colur
(1.2pm for debris, 0.45 pm for colloidal fraction and through a 0.22 pn
for truly dissolved fraction). Results show the presence of a thermoclil
in the lake associated with an anoxic zone abtiteom of the lake which
had a major influence on dissolved oxygen concentrations and iron
concentrationsKigure 11). Notably, the anoxic zone displayed a
discernible sizelependenca iron and arsenic concentration, indicating
the introduction oferrous iron particulate into the hypolimnion during
the summerRigure R). These particles are expected to oxidize to forrr
ferric hydroxide precipitates in winter when the pond becomes well
mixed. The observed vertical size distribution pattern of iron and arse
is believed to be attributed to irdrearing
aggregates settlinbelow the thermocline and
facilitating the sequestration of trace element:

21 -

Fe water concentration (ppb)
0 5000
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Depth (m)

0 50 100
Dissolved Oxygen (%)

Total ® 1micron ® 0.45 micron 0.22 micron

Figure 11. Dots representiron
concentration in filtrate from water
column samples, and the black linés
the dissolved oxygen levels in the
water columnsampledat the deepest
depth location in pond B.

Preliminary spectroscopic results indicate the
presence of iron and organic maitethe
aggregates. These preliminary results highlig

~

Size fraction
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Size fraction
0.22micron
® 0.45micron
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o

the complexity of the water column dynis
and the potential role of irebearing
aggregates and organic matter in shaping the
distribution of particulate fractions in pond B.

.
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Task 1B1: Characterization of Pond B
actinide profiles- Sediment
Concentrations

In FY22 and FY23, there was a major effort tc
collect sediments samples in thec&nal and in Pond B to
assess the correlations betwé®Ru concentrations with
other geochemical faate such as sediment type, organic
matter content, and major/minor element composition. We
have completed that sampling program with 50 samples
collected throughout the system and noted that the
concentrations o®Pu are much greater in Pond B than in
theR-canalsuggestinga high degree of sediment transport
occurringand/or poor attenuation &¥Pu in the canal
sedimentsTable 3 Figure B). The former is consistent with
the high volumes of water released to Pond B during reac
operation.

Figure 12. Arsenic and manganese concentration in filtrate (1um, 0.45
um and 0.22 um size fraction) over the water column depth at the
deepest depth in pond B.
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Figure 13. Concentrations of?*®u as a function
of distance from the Rreactor
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Correlations betweef?®Pu and other geochemical

parametersarecurrentlybeing evaluated using Table 3. Concentration ranges and statistics for

principal component analysidn addtion, GIS 239y distribution in R -canal and Pond B sediments.
mappingis being usedo compare théotal inventory .

of 29Py and3"Cs in Pond B with historical estimates, _*Of samples (in triplicate) 0
Preliminary calculations with*’Cs maps showil) a LowestPu Concentration (mBg/kg) 0.01

potential correlation betweéf’Cs distributions with
natural organic matteroncentrationsand 2) a means )
of extrapolating a totdf™Cs activity in the Pond MeanPu Concentration (mBa/kg) 4.02
(Figure 1). The total*’Cs calculated from this effort  Geometric mea®u Concentration (mBg/kg) ~ 1.46
is comparable to historical estimat®é4ohler et al.,

1997; Whicker et al., 199@ndicating thabver the

past 40 years only a minimal amount of

HighestPu Concentration (mBg/kg) 46.70

3Cshas migrate@ut of Pond BA \/
similar GIS base@pproach isinderway “\’i?;\ .é
for analysis of3%Pu and trace metals. Gs Conc (BaK) Joc R )
o . o /;" | & »

Task 1B2: The role of microbial N i ns S e
activity on redox cyclingnd Pu v == W /]

oy . a1 N [ EES J- N
mobyllzatlon _ = A e /ﬁ 7 A
Previously, we determined that the Pond = . P e
water column microbial community varies ™= .o
with depth rather than location during /
stratification and can be categorized by tl
three distinct stratification layers. The Figure 14. GIS maps of 137Cs and Sediment Organic Carbon concentrations

stratified microbiomeevolvesthroughout extrapolated from the 50 samples collected in FY2BY23.

the stratification periofom June to

October During spring turnover, the microbiome is similar throughout Pond B, reflecngiform
geochemistnpf the wellmixed pond watefe.g.,uniform oxygen concentratits, temperature, metals).

We further examined the differences betweerty@olimnion microbial communities between June and October
by using a software called Songb{Morton et al., 2019)This softwards a multiromial regression tool that
ranksoperational taxonomic units (OTU)fferential

abundances in association with other factors. Notaiy, " ¢ @EF g k-

whole Pond Bwvater columrmicrobiome datases 5 > e
associated with iron concentrations and could be categori s o // ...... £ W T.‘"h‘ﬂ‘:mh
into fourgroupsd | ow T1Be®000mMh) d d&lec %_2 // Z"", s dume
(0.0090. 04 mM) , dOni H8 Fml) (Oar — f <= g L -

(>0.18 mM). We then evaluated the OTU raaksociated ol e

with 6mii6.18m&)  Oarddd 6 hi ghtoF OTU Rank Al

assess the hypolim_netic stratified Co_mmunities .(Figﬁbe 1 Figure 15. Differential OTU ranks of the Pond B water

Overall, more putative aerobes or microaerophiles were  column microbiome by iron. The Pond B water column
associated witld mi d Fe. (8. mM)od (Ju microbiome was ranked using Songbird in association
hypolimnion), and more ang¢W th ohigh Feo (>0.18 mM;gp; g g

~ . . 6mi d F é®18 (G;.hPpdlimnion in June). The
(>0.18 mM 06 (October hypol i mni difference between the OTU rankings according to the

top (red) and bottom (aange) 10% identified OTUs that
The microbial iron redox cycliékely plays an important varied between June and October hypolimnetic
role in the seasonal Pu biogeochemical cydle previously —Microbial communities.
modified the PICRUSt2Douglas et al., 202@)atabase witlfunctions involved in thenicrobial iron redox cycle
(https://github.com/LLNL/2022 PondB_microbigraaddemonstrated thaton reduction and magnetosome
formaion were within the top 5% of pathways associated with stratificalibe presence of iron and iron/sulfate
reducergFigure B) suggests that the increased Pu observed in the hypolimnion could be derivélgefrom
biodissolution of iron minerals and patlate organic mattén the water column and sediments.
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We alsodetermined thaton oxidizers and reducers have specific ecological niches within the Pond B water
column(Figure B). For examplethe
putative iron oxidizeFerrovumwas more
abundant at ~% m, andthe iron
oxidizer/reduceRhodoferaxvas more
abundannear the transition between the
thermocline and hypolimniorron
oxidizers can impact the Pu cycle througt
the formation of iron oxidesat can sorb
plutonium and particulate organic matter.
In particular,Ferrovumplays a key role in
the formation of irorrich aggregates in
other lakes, likely because of extracellula
polysaccharide substance (EPS)
production and encrustation of cells with
Fe(lll) precipitatesin Pond B, iion-
encrusted microbial cells and ERtayact
as sorption sitefor plutonium

From the microbial community results, we

conducted microcosm studies in F¥21

FY?22 to evaluate the role of iron oxidizer:

and reducers on metal cycling using iron

isotope ratiosPartial oxidation and

reduction of Fe in the thermocline dfet Figure 16. Water column profiles of specific taxa according to putative
stratified pond may produce isotopically meotabo_lic funqtion. Bolded and underlineq taxa were hig_hly r_ankec(top
diStinlC.t Fe solid phasd€roal et al., 2004; tloos{;)rﬂgfﬂfggsg abundant OTUs associated with stratification compared
Icopini et al., 2004; Swanner et al., 2017)

In FY22, weinterrogated the magnitude of Fe isatdfactionation due to microbial reduction anddation

using microcosms inoculated with anoxic and oxygenated water from Pond B. Fe isotopic fractionation data
analysis is currently underwaye arealsocollaborating with Dr. Clara Chan, who is an expert on iron oxidizers
and was awarded a DOE ES®posal (see Synergistic Efforts section). Taken together with the Fe isotope
microcosm studies, we hope to gain insight into the microbialdycte in Pond B

Focus Area 1E: SRS Radflex facility-ferrg actinide migration experiment

Lead: B. Powell, ontributors: D. Kaplan

This longterm field project, started in 2012, involves characterizing the redox and transport behavior of the Pu
sources deployed in a field lysimeter experiment at the Savannah River Site (RadFLEXx: Radiological Field
Lysimeter Fatity), which is currently operated by Dr. Daniel KaplgBRNL) and Dr. Brian Powel[Clemson).

Of the 48 deployed lysimeters, 18 have Pu sources containth§d04)s(s), PuQ nanocolloids,

PW(NH4)(CGs)(s) (with and without organic matter amended to the soil), aWd@®®4)2(s). In FY21 Pu sources
from five of thelysimeterswere collected and will banalyzed using XAS, XPS, and microscopyata will be
compared talatapreviously collected four yeaegjo(Maloubier et al., 2020)This new sebf samples wera@ the

field for 8 years.

Research Thrust 2: Fundamental Processes: Actialatzation at Environmentally Relevant

Timescales

Research Thrusti2 focused orthe processes that may lead to kiegn stabilization of actinides in sediments.

We focus on three broad categoriestabilization(co-precipitationwith common minerals, the role of redox

cycling on actinide stabilization on mineral surfaces, and the role of microorganisms and their exudates in actinide
mobilization and immobilization Each process is of central imgance to at least one field skieing
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